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Abstract. Azimuthal correlations are a powerful tool to probe the properties and the evo-
lution of the collision system. In this proceedings, we will review the recent azimuthal
correlation measurements from ALICE at the LHC. The comparison to other experimen-
tal measurements and various theoretical calculations will be discussed as well.
1 Introduction
One of the fundamental questions in the phenomenology of Quantum Chromo Dynamics (QCD) is
what are the properties of matter at extreme densities and temperatures where quarks and gluons
are in a new state of matter, the so-called Quark Gluon Plasma (QGP) [1, 2]. For a non-central
collision between two nuclei of lead, the initial nuclear overlap region is spatially asymmetric with
an “almond-like” shape. The translation of such anisotropies in the fluctuating initial conditions into
anisotropies in momentum space would not occur if individual nucleon-nucleon collisions emitted
independently of each other. Thus, the collective expansion of matter created in collisions of heavy-
ions, refereed to phenomenon of “collective flow”, proved to be one of the best probes to study the
detailed properties of these unknown states of matter. Measurements of the collective expansion of
the QGP, in particular the azimuthal anisotropies in the expansion, provide us with constraints on the
fluctuating initial conditions and the properties of the system such as the equation of state (EoS) and
transport coefficients like shear viscosity over entropy density ratio η/s. The characterization of an
anisotropic “shape” in the final momentum space is typically performed using a Fourier decomposition
of the azimuthal angle distribution of final state particles P(ϕ) [3, 4]:
P(ϕ) =
1
2pi
+∞∑
n=−∞
−→
Vn e−inϕ (1)
where ϕ is the azimuthal angle of emitted particles,
−→
Vn is the n-th order flow-vector defined as
−→
Vn =
vn einΨn , its magnitude vn is the n-th order anisotropic flow harmonic and its orientation is symmetry
plane (participant plane) angle Ψn. Alternatively, this anisotropy can be generally given by the joint
probability density function (p.d. f .) in terms of vn and Ψn as:
P(vm, vn, ...,Ψm,Ψn, ...) =
1
Nevent
dNevent
vmvn · · · dvm dvn · · · dΨm dΨn · ·· . (2)
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Anisotropic flow was a major piece of the RHIC program [5–7], and its characterization in terms
of hydrodynamics [8–12] was taken as one of the most important evidences of observation of the
strongly-coupled quark-gluon plasma (sQGP) at RHIC. The precision measurements of anisotropic
flow based on the huge data collected at the LHC experiments [13–16] and the successful descriptions
by hydrodynamic calculations, demonstrate that the QGP created at the LHC continually behaves like
a strongly coupled liquid with a very small η/s [17–22] which is close to a quantum limit 1/4pi [23].
The anisotropic flow measurements are recently extended by ALICE Collaboration to the forward
pseudorapidity region with its unique coverage (−3.5 < η < 5) [24], to identified particles with
its powerful particle identifications [25]. In addition, the correlations between different order flow
harmonics with newly proposed symmetric cumulants are investigated in Pb–Pb collisions at √sNN =
2.76 TeV [26]. Furthermore, based on the data taken in recent LHC Run2 program, the anisotropic
flow of charged particle are measured at the highest collision energy so far at √sNN = 5.02 TeV Pb–Pb
collisions [27]. All the measurements provide crucial information on the initial conditions and the
dynamic of the system which were poorly known before. In this proceedings we will review recent
ALICE measurements of anisotropic flow at the LHC.
2 Forward flow
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Figure 1. Pseudorapidity dependence of v2, v3 and v4 in various centrality classes. Figure is taken from [24].
The pseudorapidity dependence of v2 over a wide range (−5.0 < η < 5.3) and various of collision
energies, and systems was investigated by PHOBOS Collaboration [7, 28–30]. It was reported that in
the rest frame of one of the colliding nuclei (η − ybeam), v2 is independent of collision energy. Similar
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feature was observed in multiplicity density distributions [31]. They suggest that particle production
is independent of the collision energy at forward rapidity, the fragmentation region. Such effect is
known as extended longitudinal scaling. Not only v2 but also v3 and v4 have been measured over the
widest η-range at the LHC, in Pb–Pb collisions at √sNN = 2.76 TeV using the ALICE detector [24].
The pseudorapidity dependence of anisotropic flow in nine centrality classes is shown in Fig. 1. First
of all, it is seen that v2 measured with both 2- and 4-particle cumulants increases from 0-5% to 40-50%
centrality classes, v2{2} decreases slightly in more peripheral collisions over the entire pseudorapidity
range. Compared to v2, the higher harmonic flow v3 and v4 show weaker centrality dependence. This
might be due to the fact that initial state fluctuations play a prominent role for higher harmonics, as
the centrality dependence of the corresponding eccentricities εn (with n ≥ 3) are more modest relative
to ε2.
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Figure 2. Pseudorapidity dependence of v2, v3 and v4 in selected centrality class. Calculations from hydrody-
namic (left) and AMPT (right) are presented for comparisons [32, 33]. Figure is taken from [24].
In order to understand the role of η/s and hadronic interactions in forward pseudorapidity region,
the measurements are compared to viscous hydrodynamic calculations [32] whose input parameters
e.g. temperature dependent shear viscosity over entry density ratio η/s(T) are tuned to fit the RHIC
data, shown in Fig. 2 (left). Although it can nicely describe the PHOBOS measurements of v2(η) [7,
28, 29], it clearly fails to quantitatively describe the LHC data using the same parameterization. More
specifically, for selected two centralities, hydrodynamic calculations underestimates the measured v2
while they overestimate the measurements of v3 and v4. Further tuning of parameterization of η/s(T)
and/or the modification of initial conditions are necessary to describe the data better. At the same time,
A multiphase transport (AMPT) model [33] with a string melting scenario is used for comparisons.
This is a hybrid transport model consists of four main stages: initial conditions, partonic interactions,
hadronization, and hadronic rescattering. It could reproduce compatible pT integrated v2, v3 and v4
as data at the LHC [33]. Good agreements of anisotropic flow from AMPT and data are observed
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Figure 3. v2(η) measured at RHIC [7, 28, 29] and the LHC [34, 35] (left); observed v2 in the rest frame of the
projectiles for the event averaged 0-40 % centrality range (right). Figure is taken from [24].
in Fig. 2 (right) in 40-50% centrality class, except v2{4} at forward pseudorapidity. In more central
collisions, AMPT overestimates v2 and v3 nevertheless agrees with v4 measurements.
The pseudorapidity dependence of v2 was measured both at RHIC and other LHC experiments
before, comparisons to ALICE measurements are shown in Figure 3 (left) with a wider centrality range
25-50 %. It is found that for the overlapped pseudorapidity region, the recent v2(η) measurements by
ALICE is consistent with published results from ATLAS [34] and CMS [35] Collaborations within
the systematic uncertainties. All the results at the LHC are systematically above the previous v2(η)
from PHOBOS at RHIC. As mentioned above, it was reported that in the rest frame of one of the
colliding nuclei (η − ybeam), v2 is energy independent. This is examined also at the LHC as shown in
Fig. 3 (right). It is seen that the extended longitudinal scaling is found to hold in Au–Au collisions at
19.6 GeV up to 2.76 TeV in Pb–Pb collisions, similar conclusion was obtained by ATLAS and CMS
with smaller pseudorapidity coverage [34, 35].
3 Anisotropic flow of identified particles
The measurements of anisotropic flow for charged particles provided a strong testing ground for hy-
drodynamical calculations that attempts to describe the dynamical evolution of the system created in
heavy-ion collisions. In addition, the measurements for identified particles, together with the compar-
isons to various theoretical calculations, can help us further constrain initial conditions and dynamics
of the collisions, i.e. the properties of the system (e.g. η/s) as well as probe the particle production
mechanism (e.g. coalescence). Using the unique capability of particle identification of ALICE detec-
tor, not only the v2 but also higher harmonic flow v3, v4 and v5 are measured in Pb–Pb collisions at√
sNN = 2.76 TeV [25, 37]. It is observed in Fig. 4 (top left) that the pT-differential v2 for charged
pions, kaons and protons show an obvious mass dependence feature for pT < 2 − 3 GeV/c, in all
presented centrality classes. This mass ordering originates from the fact that radial flow creates a de-
pletion in the particle spectrum at low pT, which increases with increasing particle mass and transverse
velocity. This depletion leads to heavier particles (e.g. protons) having smaller v2 values compared to
lighter ones (e.g. pions) at given values of pT. A crossing of identified particles v2 is observed around
pT ≈ 2.5 GeV/c in the most central collisions and happens at lower pT values in more peripheral
collisions, agree with what reported before [37]. Similar to v2, a clear mass ordering feature is seen
in higher harmonic flow v3, v4 and v5 of charged pions, kaons and protons for pT < 2 − 3 GeV/c.
This could be understood as the interplay between the radial flow and anisotropic flow. Furthermore,
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Figure 4. The pT-differential vsub2 (top left), v
sub
3 (top right), v
sub
4 (bottom left) and v
sub
5 (bottom right) for identified
particle species in various centrality classes in Pb–Pb collisions at
√
sNN = 2.76 TeV. Figure is taken from [25].
the crossing of baryon and meson vn is also observed. The pT region where this crossing happens
depending on on the centrality and the order of flow harmonic n.
To better extract information on dynamic of system evolution, especially the information of freeze-
out conditions, the anisotropic flow of identified particles are compared to hydrodynamic calculations
based on iEBE-VISHNU [36]. This is an event-by-event based hybrid model, which uses AMPT
as initial conditions and couples 2+1 dimension viscous hydrodynamic calculations to a hadronic
EPJ Web of Conferences
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Figure 5. pT-differential vsub3 (left) and v
sub
4 (right) for identified particle species in various centrality classes in
Pb–Pb collisions at
√
sNN = 2.76 TeV. Comparisons to iEBE-VISHNU calculations [36] are presented. Figure is
taken from [25].
cascade model UrQMD. Figure 5 shows that iEBE-VISHNU model could successfully produce the
mass ordering feature of anisotropic flow for identified particles. More specifically, the model over-
predicts v2 in average by a 10 % for pion, 10-15 % for kaons and compatible with protons in the
level of approximation of 10 %. The agreements with data seems become better in more peripheral
collisions. For higher harmonic flow v3 and v4, the model describe the data with a reasonable accuracy,
they are consistent within 5% for pT < 2 GeV/c in presented centrality classes.
It was observed at RHIC that the v2 of baryons is larger than that of mesons at the intermediate
pT region (roughly 2 < pT < 4 GeV/c) [38–40]. It was suggested that if both v2 and pT are scaled
by the number of constituent quarks (nq), an universe scaling was expected for the v2/nq as a function
of pT/nq for different particle species. This so-called number of constituent quark scaling (NCQ) was
observed at RHIC with exceptional of pion v2 [41], but holds at an approximate level of ±20% for v2 at
the LHC [37]. Such scaling is explained by the fact that the quark coalescence might be the dominant
particle production mechanism in the intermediate pT region. Figure 6 presents the NCQ scaling for
v2, v3, v4 and v5 for charged pions, kaons and protons in various centrality classes. It was observed that
the NCQ scaling holds at the level of ±20 % within the current statistical and systematic uncertainties,
not only for elliptic flow which reported before in [37], but also for higher harmonic flow.
4 Correlations of anisotropic flow harmonics
Recently, it is proposed that the correlations between different order flow harmonics have unique sen-
sitivities to initial conditions and η/s of the produced matter in hydrodynamic calculations. This was
firstly investigated by ATLAS Collaboration using so-called Event Shape Engineering (ESE) [42].
Later on, a new observable named Symmetric 2-harmonic 4-particle Cumulants, SC(m, n), was pro-
posed to quantitatively study the relationship between different orders of anisotropic flow harmonics
vm and vn [43]. It is defined as:
SC(m, n) = 〈〈cos(mφ1 + nφ2 − mφ3 − nφ4)〉〉 − 〈〈cos(mφ1 − mφ2)〉〉 〈〈cos(nφ1 − nφ2)〉〉
= 〈v2m v2n〉 − 〈v2m〉 〈v2n〉,
(3)
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Figure 6. vsub2 /nq (top left), v
sub
3 /nq (top right), v
sub
4 /nq (bottom left) and v
sub
5 /nq (bottom right) as a function of
pT/nq for identified particles in various centrality classes in Pb–Pb collisions at
√
sNN = 2.76 TeV. Figure is taken
from [25].
with n , m. By construction, this observable should be insensitive to non-flow effects due to usage
of 4-particle cumulant and it is independent on the correlations between various symmetry planes.
Thus, it is non-zero only if there is correlation (or anti-correlation) between vm and vn. Previous
AMPT model calculations showed that SC(3, 2) is negative (anti-correlations between v2 and v3)
while SC(4, 2) is positive (correlations between v2 and v4). The observed (anti-)correlations are also
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sensitive to the transport properties of the created system, e.g. the partonic and hadronic interac-
tions [43, 44].
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Figure 7. The centrality dependence of SC(m, n) (left) and NSC(m, n) (right) at √sNN = 2.76 TeV Pb–Pb
collisions, the hydrodynamic calculations from [45] are presented for comparisons.
The first ALICE measurements of centrality dependence of SC(4, 2) (red squares) and SC(3, 2)
(blue circles) are presented in Fig. 7 (left). Positive values of SC(4, 2) and negative results of SC(3, 2)
are observed for all centralities, as correctly predicted by AMPT [43]. This confirms a correlation be-
tween the event-by-event fluctuations of v2 and v4, and an anti-correlation between v2 and v3. The like-
sign technique, which is a powerful approach to suppress non-flow effects [13], is applied. It is found
that the difference between correlations for like-sign and all charged combinations are much smaller
compared to the magnitudes of SC(m, n) itself. Therefore, the non-zero values of SC(m, n) presented
here cannot be explained by non-flow effects solely. To further study the properties of QGP, we show
in Fig. 7 (right) the comparison of SC(m, n) measurements and hydrodynamic model calculations.
This calculation is from the event-by-event perturbative-QCD+saturation+hydrodynamic (“EKRT")
framework [45]. It incorporates both initial conditions and hydrodynamic evolution. It is observed
that SC(m, n) is very sensitive to the values of η/s in this model. Thus, the investigation of SC(m, n)
provides a new approach to constrain the input of η/s in hydrodynamic calculations, in addition to
standard anisotropic flow studies. We also notice that although this hydrodynamic model reproduced
the centrality dependence of vn for n ≤ 2 fairly well using various η/s(T) parametrization [45], its pre-
dictions of SC(m, n) cannot quantitatively describe the data. There is no single centrality for which
a given η/s(T) parameterization describes simultaneously SC(4, 2) and SC(3, 2). Therefore, it is be-
lieved that the new observable SC(m, n) provides stronger constrains on the η/s and initial conditions
than individual vn measurement alone.
In order to further investigate the correlations between vm and vn without contributions from flow
harmonics, it is proposed to divide SC(m, n) by the products 〈v2m〉〈v2n〉. This new observable is named
NSC(m, n). The measurements from ALICE are presented in Fig. 7 (right). Here 2-particle corre-
lations 〈v2m〉 and 〈v2n〉 are obtained with a pseudorapidity gap of |∆η| > 1.0 to suppress short range
non-flow effects. Similar to SC(4, 2), the normalized SC(4, 2) observable still exhibits a signifi-
cant sensitivity to different η/s parameterizations and the initial conditions, which again provides a
good opportunity to discriminate between various possibilities of the detailed setting of η/s(T) of the
ICNFP 2016
produced QGP and the initial conditions used in hydrodynamic calculations. However, NSC(3, 2)
is independent of the setting of η/s(T). In addition, it was demonstrated in [46] that NSC(3, 2) is
compatible with its corresponding observable NSCε(3, 2) in the initial state. Thus, the NSCv(3, 2)
measurements could be taken as a crucial observable to constrain initial conditions without concern
of transport properties of the system. Furthermore, none of existing theoretical calculations can repro-
duce the data, future developments of SC(m, n) and NSC(m, n) involved higher harmonics and more
particle correlations [47], together with comparisons to further tuned hydrodynamic calculations, are
crucial for deep understanding of correlations between different oder flow harmonics.
5 Anisotropic flow at
√
sNN = 5.02 TeV
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Figure 8. Anisotropic flow as a function of centrality. Hydrodynamic [48, 49] and AMPT [50] calculations are
presented for comparisons.
Exploiting the data collected during November 2015 with Pb–Pb collisions at record breaking en-
ergies of √sNN = 5.02 TeV, ALICE measured for the first time v2, v3 and v4 of charged particles at this
energy [27]. Centrality dependence of anisotropic flow using two-particle correlations with pseudora-
pidity and multi-particle cumulants methods are shown in Fig. 8. It is observed that v2 increases from
central to peripheral collisions, saturates in the 40–50% centrality class with a maximum value about
0.10 for two-particle correlations and is around 0.09 for multi-particle cumulants. The multi-particle
cumulants show similar centrality dependence and the results from four-, six- and eight-particle cu-
mulants are consistent with each other. On the other hand, the significant differences between two-
and multi-particle cumulants could be attribute to different sensitivities to elliptic flow fluctuations.
The higher harmonic flow v3 and v4 are smaller and their centrality dependence is much weaker com-
pared to v2. In addition, anisotropic flow measurements are compared to hydrodynamic calculations
EPJ Web of Conferences
which made a robust prediction without relying on a particular model for initial conditions and with-
out precise knowledge of medium properties such as viscosity [48]. As shown in Fig. 8 left (a), the
hydrodynamic calculation are compatible with the measured anisotropic flow vn. Furthermore, the
AMPT model based on a new set of input parameters only slightly overestimates the anisotropic flow
measurements [50], as shown in Fig. 8 (right).
Figure 8 left (b) and (c) show the ratios of vn measured at 5.02 TeV to 2.76 TeV. The increase
of v2 and v3 is rather moderate from the two energies, with an increase of (3.0±0.6)%, (4.3±1.4)%,
respectively. The increase is more significant for v4, which is (10.2±3.8)%, over the centrality range
0–50% in Pb–Pb collisions. This increase of anisotropic flow is compatible with hydrodynamic pre-
dictions [49]. The data seems support a low value of η/s for the created matter in Pb–Pb collisions at√
sNN = 5.02 TeV, suggests that the η/s does not change significantly with respect to the one at lower
energy.
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Figure 9. The pT-differential flow measured in selected centrality classes. The same measurements from 2.76
TeV are presented for comparisons.
The transverse momentum (pT) dependent anisotropic flow vn (n = 2, 3, 4) are presented for se-
lected centrality classes. The results are consistent with the previous vn(pT) measurements from 2.76
TeV, as shown in Fig. 9. It suggests that the observed increase of pT integrated flow results seen
in Fig. 8 could be mainly attributed to stronger radial flow produced at 5.02 TeV. This stronger ra-
dial flow results in an increase of mean transverse momentum 〈pT〉 from 2.76 to 5.02 TeV. Future
comparisons of pT-differential flow between experimental measurements and hydrodynamic calcu-
lations will provide important information to constrain further details of the theoretical calculations,
e.g. determination of radial flow and freeze-out conditions.
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